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Introduction
A number of clinical studies of gene transfer for cystic fibrosis (CF) have now been reported. The two most widely used gene transfer systems are cationic lipids and adenoviruses, with both assessed in phase I studies of nasal and pulmonary delivery. [1] [2] [3] [4] [5] [6] [7] [8] Results have been encouraging, though only limited correction of the CF bioelectric defect has been observed. With respect to the extent of gene transfer needed, a present best estimate might be approximately 5% of normal cystic fibrosis transmembrane conductance regulator (CFTR) mRNA levels within every cell, 9 complete correction of the chloride defect in approximately 5% of cells within the airway epithelium, 10 or likely some combination of the two. Considerable progress has been achieved in improving gene delivery agents. However, it is becoming clear that many biological barriers to gene transfer may need to be overcome in order to increase the efficiency of gene expression. A number of barriers to cationic lipidmediated gene transfer have been reported in vitro. Studies using airway epithelial cell cultures have shown that differentiated cells differ both in their surface charge and their ability to endocytose DNA-lipid complexes in com-parison with dedifferentiated cells at the edge of the culture. This is paralleled by significantly more efficient gene transfer in the latter. 11 Once across this cell membrane barrier, the subsequent escape of the DNA-lipid complexes from the endosomal compartment is inefficient, indicating a further barrier. 12 Further, even following direct injection of DNA-lipid complexes directly into the cytosol, thereby eliminating both these barriers, gene expression was still inefficient. Despite these problems, in vivo studies have shown a limited number of lipids are capable of directing transient gene expression within the respiratory tract. 13 Furthermore, cationic lipids show relatively little toxicity and immunogenicity, in the clinical studies to date.
Adenoviruses have been shown to be inefficient at targeting proximal human and murine airway epithelium. 14 Significant gene expression could only be observed following prior injury, resulting in exposure of basal cell types. One important reason for this inefficiency appears to be the lack of adenoviral receptors on ciliated airway epithelial cells. 15 However, if contact time is significantly increased, adenoviruses can successfully transfect ciliated cells through an, as yet unknown, mechanism. 15 Furthermore, adenoviruses have been shown successfully to transfect submucosal glands, the site of maximal expression of CFTR protein within the airways. 16 However, adenoviruses show inherent immunological problems, 17 resulting in reduction of gene expression on repeated application. Alterations in the adenovirus sero-type, 18 blocking antibodies to the CD40 antigen 19 and increasing deletions of the viral genome 20 have begun to address this problem. Both preclinical studies in primates and cotton rats 21, 22 and clinical trials in man show adenoviruses are capable of producing an acute T cell-mediated inflammatory response. However, an efficacy-toxicity window is being defined in such studies.
Many of the studies noted above, for either gene transfer agent, have been undertaken on either cell lines or primary cell cultures. Although easy to manipulate within a controlled environment, these models lack many of the functions of the normal airway epithelium, including mucociliary clearance (MCC), mucus coverage and the heterogeneous cell populations that make up a pseudostratified normal airway. We have, therefore, developed the use of native sheep tracheal epithelium maintained at an air-liquid interface as a model to assess the likely in vivo barriers to airway gene transfer. Using this model, we have assessed ways in which the clinical target of 5% of cells corrected may be achieved.
Results
An ex vivo model of respiratory epithelia As a way to understand the extracellular barriers likely to be faced by gene transfer agents in vivo, we developed as a model freshly obtained intact sheep tracheal epithelium maintained at an air-liquid interface (Figure 1 ). To validate the integrity of this model, we undertook both scanning electron and light microscopic analysis of the tissues. After 2 days of incubation in this system (to mimic the duration of transfection studies), scanning EM ( Figure 2a ) demonstrated a mucus coverage and the presence of cilia and microvilli. Light microscopy ( Figure 2b ) showed an intact pseudostratified epithelium composed of columnar and basal cells, the lamina propria and submucosal glands. Ciliary beating was also observed in fresh or 2-day-old tissue, sufficient, in the former, to move a piece of aluminum foil (approximately 1 mm 2 ) from one end of a piece of tissue to the other (approximately 5 cm in length) within a period of approximately 10 min. These results suggest that this model retains the morphology, and some aspects of the physiological function of native airway epithelium. A modification of this model was the placement of a rubber 'O' ring held in place using 1% agarose. This allowed the effect of contact time and chemical modification of the extracellular barriers on the efficiency of gene transfer to be assessed. Before the studies described below, the optimal DNA dose, lipid concentration and volume application for both GL-67/plasmid and recombinant adenovirus were carried out (data not shown). Gene expression in the sheep ex vivo model Using this model system, we first assessed the extent and distribution of gene expression. For lipids we chose a plasmid encoding non-secreted alkaline phosphatase, in our hands the most sensitive reporter gene for histological analysis following in vivo gene transfer. No expression could be detected in any sheep tracheae studied (n = 6). Therefore all subsequent lipid expression data is presented as quantitative CAT expression. Parallel adenoviral studies using the ␤-gal reporter gene showed no evidence of gene transfer to undamaged ciliated cells. However, in keeping with previous findings, 23, 24 cells around the cut-edge of the tissues where wound repair had begun, showed a high degree of transfection, both when assessed histologically, and using quantitative reporter gene expression (data not shown). Thus this model also demonstrates the characteristic findings of low lipid-mediated gene transfer efficiency (as assessed by the relatively insensitive colorimetric assays), and adenovirus-mediated gene transfer only in airway epithelium undergoing repair.
Is mucus a barrier to respiratory gene transfer?
To assess the effects of mucus, we sought a method to remove this layer which minimized or prevented tissue damage or alteration. We, therefore, modified a previously described technique 25 involving an 18-h period of gentle shaking of the inverted tissues. The extent of mucus depletion was quantified using scanning EM. Mucus coverage was reduced from 75% (±6) to 25% (±4), P Ͻ 0.01, n = 6 with no apparent change in tissue integrity. Using this semi-quantitative method we could not however, determine mucus depth or composition. Tissues, both without intervention and mucus-depleted, were subsequently transfected with either GL-67/pCF-1CAT complexes or the recombinant adenoviruse vector (Ad2/␤Gal4). An approximately 25-fold increase in gene expression was observed following mucus depletion for lipid-mediated, but no change in expression for adenovirus-mediated transfer, after mucus removal ( Figure 3) . Subsequent experiments involved mucus-depleted tissues.
Is CF sputum a barrier to gene transfer? We assessed the effects of fresh CF sputum on the transfection efficiency of both gene transfer systems. Expression was significantly reduced for both agents in the presence of sputum (Figure 4 ), in agreement with our previous demonstration in cell lines in vitro. 26 Is the plasma membrane a barrier to gene transfer?
We assessed the efficiency of cationic lipid/DNAmediated gene transfer across the apical membrane of the sheep model using an FITC-labeled plasmid and confocal microscopy. Further, we compared the results obtained in this ex vivo model (mucus-depleted) with transfer of the complex across the plasma membrane of Cos7 cells, a relatively easily transfectable cell line. Complex incubation was carried out for 6 h at either 4°C (to allow cell surface binding, but no internalization) or at 37°C (to allow both to occur). Following acid washing to remove non-bound FITC-labeled complexes, a semi-quantitative analysis was carried out in which a cell was scored as positive if it contained a fluorescent particle. Figure 5 shows that 73.3% (±4.6) of Cos7 cells were positive for complex (usually approximately 10 particles per cell) whereas only 3.6% (±1.4, P Ͻ 0.01, n = 6) of sheep epithelial cells were positive (usually only one particle per cell). Figure 6 shows typical confocal images of Cos7 cells and sheep tracheal epithelium at both incubation temperatures. At 4°C, Cos7 cells showed very little surface binding of complex (Figure 6a ), whereas the sheep trachea, even after repeated washing, demonstrated significant amounts of label on the epithelial surface following mucus depletion (Figure 6b ). At 37°C, fluorescent signal was clearly detectable within both Cos7 cells and tracheal epithelial cells, though the majority of the label in the latter remained at the epithelial cell surface (Figures 6c  and d) . Thus, the epithelial membrane represents a very significant barrier to lipid-mediated DNA transfer. One caveat to this conclusion, which the authors appreciate, is that a particle is representative in both systems.
To allow a more quantitative comparison of the relative efficiency of DNA transfer across the plasma membrane of both Cos7 cells and the sheep model, we compared the effect of incubation time on gene transfer. For Cos7 cells, complex uptake and gene expression increases significantly with incubation time ( Figure 7 ). The expression levels reached after several hours of incubation are approximately three logs greater (CAT expression, data not shown) than that produced in the ex vivo sheep model, and represent a target both unlikely to be achieved, and probably unnecessary in vivo to provide clinical benefit. Reducing the incubation time for Cos7 cells to 1 min produced comparable gene expression and DNA uptake to that observed with a 6-h incubation for the ex vivo system (Figure 8 ). Furthermore, because of the asymptotic relationship, even small increases in incubation time, and consequently percentage of Cos7 cells transfected, produced relatively large changes in gene expression. These studies underline the inefficiency of DNA transfer across the apical surface of respiratory epithelium. Finally, once this barrier has been overcome, these studies suggest that the downstream obstacles in both sheep and in vitro models may be similar.
Adenovirus-mediated gene transfer separately demonstrated a similar limitation by the plasma membrane. By increasing contact time to the period of transfection (48 h), columnar ciliated epithelium showed evidence of a significant increase in gene expression, (23% of cells ±7.2, compared with 0.3% ± 0.2 without 'O'ring, P Ͻ 0.01, n = 6). Thus, a potentially clinically relevant level of expression can be achieved in the ciliated cells of native airway epithelium using adenovirus-mediated gene transfer.
Can the apical plasma membrane barrier be overcome by increasing paracellular permeability?
We assessed whether increasing paracellular permeability, by use of a calcium-free solution, allows for lipid/DNA complex or adenovirus entry to the epithelium via the basolateral surface of ciliated cells, or into a different cell population within the epithelium. Calcium-free media induced a 60% reduction in transepithelial resistance, in keeping with previous studies showing increased paracellular permeability following this manoeuvre. 27 The corresponding gene expression profile (carried out on mucus-depleted tissues), did not show a significant enhancement with lipid/DNA complexes, although there was a trend towards increased expression
Figure 6 Confocal images of Cos7 cells (a and c) and sheep tracheae (b and d) labeled with FITC-DNA lipid complex. Cells or tracheae were incubated for 6 h with complex at 4°C (a and b) and 37°C (c and d). Green indicates FITC complex (arrows).
with increasing permeability. Interestingly, however, under the same conditions adenovirus-mediated gene transfer was significantly (P Ͻ 0.01) increased approximately five-fold ( Figure 9 ). Histological analysis showed expression of ␤-gal was present in basal and intermediate, rather than columnar ciliated cells ( Figure 10 ). An estimate of the number of cells transfected following this intervention (ignoring the damaged edges of the tissues), suggested a transfection efficiency of approximately 4.4% (±2.6) of the tracheal tissue in comparison to 0.26% (±0.18) under normal calcium conditions.
Intracellular barriers to cationic lipids
Adenoviruses have an evolutionary advantage over cationic lipids given their inherent mechanisms of endosomal escape, nuclear targetting and translocation through the nuclear membrane. We further assessed these barriers to lipid-mediated expression, which for technical reasons we undertook in Cos7 cells in vitro. The suggestions from our studies described above, that these barriers may provide similar obstacles in the sheep model lend support to the use of such in vitro studies. Complex uptake was paralleled by a marker of charge-related entry rather than through receptor-mediated or fluid-phase uptake ( Figure  11 ). Both DNA uptake and gene expression were inhibited by hypertonicity, the latter in a dose-related manner, and expression was also inhibited by chloroquine ( Figure 12 ). Thus, for Cos7 cells at least, DNA-lipid complexes likely enter through a charge-related endocytic process.
To investigate cytoplasmic trafficking of the complex, we depolymerised microfilaments using cytochalasin D and microtubules using nocodazole. The former caused an approximately three-fold maximum dose-related increase in gene expression ( Figure 13 ); depolymerisation of microtubules had no effect (data not shown). We also investigated the effects of combining chloroquine inhibition, with cytochalasin D augmentation. At all doses of chloroquine tested, cytochalasin D could elicit a similar order of magnitude increase in expression (Figure 14) , suggesting that the effect of cytochalasin D occurs downstream of endocytic trapping.
Finally, we investigated the role of the nuclear mem- brane by synchronizing cells in G1, or mitosis and assessing the effects on gene expression. Figure 15a shows that synchronising cells in G1 resulted in a dosedependent decrease in expression; in comparison cells in mitosis transfected at levels approximately three times greater than control (Figure 15b ). Cell cycle synchronization was confirmed by FACS analysis (Figure 15 , insets) and was shown to be dose-related for each agent (data not shown). Furthermore, both the effect on synchronisation and gene expression were reversible for each of the agents (data not shown).
Figure 9 The effect of pre-incubation for 1 h in a nominally calcium-free medium on gene expression induced by either cationic lipid-mediated (a) or adenoviral-mediated (b) gene transfer in mucus-

Discussion
The key finding of this study is that the combined effect of the extracellular layers and the airway epithelial plasma membrane together present a formidable barrier to gene transfer for either adenoviruses or lipids. These are likely responsible for the approximately three log difference in gene expression found between cells in culture and the ex vivo model described here. Whilst further barriers to gene transfer are clearly present within the cells, they appear to be roughly equally influential in both systems. Given the high expression levels attainable in cell culture in the presence of these intracellular barriers, this study suggests that the extracellular and plasma membrane problems should, at present, be the focus of attempts to increase gene transfer efficiency within the airways.
To understand the obstacles to respiratory gene transfer a model was required which represented the barriers likely to be met within the airways in vivo. Additional requirements were a tissue that could be easily obtained and used without recourse to cell culture. We therefore developed the described sheep tracheal model utilizing easily obtainable abattoir tissues, and which allowed for transfection within 4 h of the tissues being removed. Following histological and gene transfer validation, we undertook a series of experiments to assess in turn a number of the likely barriers to airway gene transfer. In this study however, we do not attempt to compare the magnitude of each barrier between gene delivery agents, only to point out that each agent faces its own unique problems.
CF secretions, which contain exogenous actin, DNA and inflammatory products, 28 represent a discontinuous layer, at least until the later stages of the disease. The effect of both gene transfer agents was significantly attenuated by CF sputum in our model system, in keeping with our previous observations using UVA-irradiated CF sputum on cell lines. 26 To our knowledge, this is the first demonstration that fresh, untreated CF sputum represents an important barrier in native airways. These studies suggest that efforts to maximise the removal of secretions should be an important prelude to clinical studies.
A significant novel finding of this study is that normal mucus represents a barrier to lipid-mediated, but not adenovirus-mediated gene transfer. This result may, in part, relate to the net surface charge of the two agents. Cationic lipids are likely to interact with the innate negative charge of mucus. In comparison, adenoviruses which carry a net negative charge, are less likely to do so. This may be of relevance to a recent series of experiments 29, 30 in which adenoviruses combined with polycations, were shown to mediate improved gene transfer in both primary cell cultures and in mouse models. Given our data and that mice are likely to produce smaller quantities of mucus, application of polycation complexed adenoviruses to larger animal models may not prove as successful. A continuous layer of mucus is well recognized to protect both the lungs 31, 32 and the intestinal tract 33, 34 from bacterial infection and other damaging agents; its property as a barrier to gene transfer may, therefore, not be very surprising. Efforts to alter the composition or quantity of this layer to facilitate cationic lipid-mediated gene transfer may be important for future clinical studies. As for mucus, the plasma membrane represents an important protective layer designed in part to prevent the entry of macromolecules. Cos7 cells represent a 'gold standard' for gene transfer studies and we, therefore, compared the efficiency of DNA transfer across the plasma membrane in these cells with our sheep model. Marked differences between these two systems in the avidity of binding of lipid/DNA complexes were seen at temperatures permissive for binding, but not internalization. Cos7 cells demonstrated very low surface labeling suggesting that acid washing was able to remove the bound, non-internalized complex. In contrast, tracheal tissues showed a high degree of surface retention of the labeled complex. At a temperature permissive for complex internalization, even in the presence of active mucociliary clearance and repeated acid washing, the surface complex was not removed, suggesting a tight interaction. Since surface residence time is likely to be a critical variable for gene transfer, these data suggest that if mucus can be overcome, DNA-lipid complexes may bind tightly enough to the cell surface to allow for an extended period of contact. Clearly, one caveat is the absence of macrophages in the studies reported here, which may influence complex removal in vivo.
Despite this avid binding, only very low numbers of sheep epithelial cells demonstrated the presence of complex (usually one particle per cell), which was paralleled by low gene expression. In comparison, large number of Cos7 cells showed DNA internalisation, each generally containing about 10 particles per cell. Parallel gene expression studies showed an approximately three log greater expression than for the sheep model. However, by reducing the incubation time to only 1 min for the Cos7 cells, DNA uptake and gene expression became comparable to the sheep model at 6 h. This suggests that the permissive property of Cos7 cells resides at the plasma membrane, rather than at a number of other potential barriers downstream of DNA entry. This finding is in keeping with the demonstration of the plasma membrane acting as a significant barrier to gene transfer in cultured airway cells 11 and suggests that laboratory studies should address ways of overcoming this barrier.
Clearly, once inside the cell, plasmid DNA is subject to a further series of potential barriers. The aim of these studies was to ascertain whether well documented drugs affected our outcome measure, gene expression. In agreement with other studies we were able to demonstrate uptake into an endosomal pathway. This appeared to occur through a charge-related process, rather than receptor-mediated or fluid-phase uptake. The finding that inhibition of microfilament polymerization significantly enhanced gene expression, irrespective of the mag- nitude of endosomal entrapment, suggests that this cytoskeletal element plays an important role in the subsequent transfer of the DNA towards the nucleus. Finally, the nuclear membrane also plays a restrictive role in the difficult journey undertaken by the plasmid DNA. Synchronization into the G1 phase, likely to mimic conditions found in the terminally differentiated airway epithelium, significantly attenuated gene expression, whilst mitotic nuclear disassembly had the opposite effect. However, in keeping with our studies suggesting that the plasma membrane is a key barrier, the changes produced by these interventions were relatively limited in magnitude.
Figure 15 The effect of arresting Cos7 cells at (a) G1 or (b) M phases on gene expression. Cos7 cells were synchronised by overnight incubation in the presence of either mimosine (G1) or nocodazole (M). Cells were transfected for 6 h in the presence
Our ex vivo model reproduced the previously noted problems of adenovirus-mediated gene transfer to differentiated airway epithelium. In the presence of mucociliary clearance, with a consequently short contact time, predominantly damaged edge cells were transfectable. However, we were able to demonstrate two ways of circumventing this problem. Our data suggest that by increasing contact time in native lower airways, ciliated epithelium can be transfected using adenoviruses, in keeping with previous studies in the murine nose or human cultured polyp tissues. 35 If our model even in part mimics the situation in man, it is unlikely that previous clinical studies will have achieved sufficient residence time to produce a significant level of gene transfer. Secondly, we hypothesised that by providing access through the paracellular pathway, gene transfer to the epithelial layer may be increased. Using this manoeuvre, adenovirus-mediated efficiency of gene expression began to approach the widely accepted figure of 5% of cells transfected, suggested to be sufficient to correct the chloride defect in CF epithelium. Furthermore, the expression seen in basal cells is encouraging, given their possible role as progenitor cells within this epithelial layer. Whether such a 'low-calcium' or equivalent approach is clinically feasible remains to be determined.
It is difficult to provide a quantitative estimate of the relative importance of the various barriers facing lipidmediated gene transfer. However, the short (1 min) incubation time study in Cos7 cells suggests that the principal limitation lies in the access of plasmid DNA to the cell interior. Furthermore, clinically feasible interventions, such as mucolytic agents and drugs effective against purulent secretions are available. Our data suggest that investment in this approach may be a realistic option for improving the efficiency of cationic lipid-mediated gene transfer. This may allow improvements in efficiency of existing cationic lipids, for which experience has already been accumulated in a clinical setting. Finally, our study suggests that a focus on the cytoskeletal structure and nuclear pore complex will be of importance once DNA entry to the cell has been achieved.
Materials and methods
Reagents
All reagents were obtained from Sigma (Poole, UK) unless otherwise stated and were of AnalaR grade or best available. DC-Chol:DOPE, 36 previously optimized for in vitro studies, 37 and GL-67:DOPE, optimized for in vivo gene transfer, 13 were used for the in vitro and sheep model studies, respectively. Well characterized plasmids encoding the reporter genes ␤-galactosidase (␤-gal) 38 under the control of a cytomegalovirus promoter, chloramphenicol acetyl transferase (CAT), 13 or non-secreted alkaline phosphatase, 39 under the control of a cytomegalovirus promoter and hybrid intron were used for liposome-mediated gene transfer. An adenovirus encoding the ␤-gal reporter gene driven by the CMV promoter and containing the wild-type E4 region (Ad2/␤Gal-4) was used. 2 and transported to the laboratory on ice. Subsequently the epithelial layer was dissected free of the majority of muscle and adventitia and the dissected tissues placed in a vented tube containing minimal essential media with 50 g/ml gentamycin and 1 × antibiotic/antimycotic solution (MEM/A) and incubated at 37°C/5% CO 2 for 1-2 h. The epithelium was then cut into approximately 0.5-cm 2 pieces and the viability checked by observing ciliary beating. Each piece of tissue was then placed at an air-liquid interface as follows.
40
A 35-mm petri dish (without lid) was aseptically placed within a 55-cm petri dish, and a filter paper (Whatman no. 1; A1 Laboratory Supplies, London, UK) laid across the inner dish such that its ends reached to the outer container. 4 ml of MEM/A were placed in the outer dish, allowing the filter paper to act as a wick. Each piece of sheep tracheal epithelium was placed on the wick in the center of the inner dish and the tissue sealed in place using 5-10 l of 1% agarose. Tissues were incubated for 1 h at 37°C before any treatment. In some studies a rubber 'O' ring (Altec, Alton, UK) with an internal diameter of 3 mm was placed on the tissue and sealed in place with 1% agarose to allow for prolonged surface contact.
Mucus depletion of sheep tracheal epithelium
From a piece of trachea 3-4 cm long the non-cartilaginous section was cut longitudinally to leave a horseshoeshaped segment and placed in a 150 mm petri dish containing 50 ml of MEM/A, with the tips of the cartilage submerged in the media. This was then placed on a shaking platform in a waterbath at 37°C, such that that base of the dish was just submerged within the bath. Tissues were left for 18 h to allow for mucus depletion.
In vitro transfection of Cos7 cells
Cos7 cells were transfected according to previously described methods. 37 Briefly, DC-Chol:DOPE was complexed with DNA at a ratio of 5:1 (wt:wt), then added to 70% confluent Cos7 cells such that each well was incubated with 2 g of DNA. Transfections were carried out in the presence of either sucrose (to create a hypertonic environment) or chloroquine. For experiments using cytochalasin D Cos7 cells were pre-incubated for 1 h in its presence after which the cells were washed before transfection.
Tissue transfection with lipid or adenovirus Tissues were transfected using well documented methods. 13 Briefly, the lipid and DNA were allowed to equilibrate at room temperature and subsequently lipid 544 was gently added to the DNA and the complex allowed to stand for 15 min at room temperature. GL-67 was complexed with DNA in a 1:4 (molarity:nucleotide concentration) such that 5 l of complex contained 12.5 g plasmid DNA. This 5-l aliquot was carefully added to the apical side of the tissue avoiding any contact with the surface. Adenovirus was added in a 2 l aliquot, such that each tissue received 5 × 10 7 infectious units (approximately 100 MOI). For either agent tissues were then incubated for 48 h without further intervention. In some experiments tissues were prepared as above, then incubated for 30 min in nominally calcium-free media of composition: NaCl 136 mm, Na 2 HPO 4 2 mm, KCl 5.3 mm, HEPES 10 mm, EGTA 1 mm and glucose 5.6 mm, pH 7.4, before transfection. To assess the effect of CF sputum, samples from a subject chronically colonized with Pseudomonas aeruginosa were collected on the day of assay and stored at 37°C before use. Sputum was added within the rubber 'O' rings, each containing approximately 20 l to a depth of approximately 1.5 mm. Transfection studies were then undertaken in the usual way, immediately after sputum addition and with the sputum present throughout the 48-h incubation period.
Reporter gene assays ␤-Galactosidase, CAT and protein assays were carried out according to previously described methods. 13, 37 Histological analysis For adenovirus-transfected tissues, an X-gal assay was carried out before embedding, based on previously described methods. 41 Tissues were fixed in fresh 2% paraformaldehyde for 2 h at 4°C and washed in PBS before addition of the X-gal substrate. After 2 h of incubation, tissues were washed three times in PBS, and placed into 70% ethanol/30% water before paraffin embedding using a VIP automatic tissue processor. Sections were cut and counterstained with Galego's (5% ZN Carbol Fuchsin (BDH, Lutterworth, UK), 0.5% acetic acid, in distilled water) dehydrated and mounted in DPX (BDH).
For lipid-transfected tissue, fixation was as described above for adenovirus and then tissues were washed three times and placed in 70% ethanol and subsequently paraffin embedded. Cut sections were dewaxed in CNP (Taab Laboratories, Aldermaston, UK) and dehydrated through graded alcohols to water. Sections were then incubated in PBS at 65°C for 1 h. Staining solution (1 mg/ml Nitro blue tetrazolium, 1 mg/ml 5-bromo-4-chloro-3-indolyl phosphate, 0.05 m MgCl 2 in 0.1 m TBS at pH 9.5) was added to the surface of the slides and left to incubate in the dark for 16 h at room temperature. Sections were counterstained with Galego's, as noted above, dehydrated and mounted in DPX.
Preparation of tissue for scanning electron microscopy (SEM) Sheep tracheal epithelium was fixed in 2.5% glutaraldehyde in 0.05 m cacodylate buffer at 4°C overnight. Tissues were rinsed twice in buffer and post-fixed in osmium tetroxide at room temperature for 1 h, then dehydrated to 100% ethanol in a Lynx tissue processor (Australian Biomedical, Victoria, Australia). Drying was completed using the solvent hexamethyldisilazane (Taab Laboratories). Tissues were then mounted on aluminum stubs using epoxy glue and sputter-coated with gold.
Quantification of mucus coverage using SEM Tissues were initially observed at a magnification of × 137.5. The SEM monitor was divided into 100 squares by a transparent overlay. The 10 squares forming a left to right diagonal were used to quantify parameters. Each of these squares was in turn moved to the center of the screen and magnified to × 2750, at which the mucus and cilia could be clearly defined. At this magnification the overlay further subdivided each field of view into 100 squares and mucus coverage scored in each. A square was scored positive if the mucus coverage was у50%.
Measurement of the transepithelial resistance of sheep trachea Sheep tracheae were mucus-depleted and the epithelium removed as noted above. The tissues were maintained in gassed Krebs-Henseleit solution until mounted in Ussing chambers of area 1.28 cm 2 and bathed in buffer of composition: NaCl 136 mm, Na 2 HPO 4 2.2 mm , KCl 5.3 mm, HEPES 10 mm, CaCl 2 1 mm, glucose 5.6 mm, pH 7.4 when gassed with 95% O2/5% CO 2 . Tissue resistance was recorded until a stable value was obtained (defined as no change in three consecutive 5-min recordings) and then the bathing media replaced bilaterally with nominally Ca 2+ -free buffer. Recordings were taken for a further 30 min at 5-min intervals, then tissues rinsed twice and replaced with normal bathing media.
FITC-labeling of plasmid DNA Purified plasmid was made up to 1 mg/ml in sterile water and divided into 50-g aliquots in sterile Eppendorfs. A 50 l aliquot of photoactivatable biotin (1 mg/ml; Pierce, Chester, UK) was added to the plasmid under a darkroom safelight. The tubes were then placed in an ice bath with the caps open and a photographic flash fired 10 times at a distance 10 cm above the tubes. To purify the plasmid from the free biotin 100 l n-butanol was added and the resulting mixture centrifuged (15000 g) and the upper phase discarded. This was repeated until a clear upper phase had been obtained. The plasmid was then reprecipitated under standard conditions. The pellet was redissolved in 50 l of water, and 50 l of 1 mg/ml FITC-streptavidin (Cambridge Bioscience, Cambridge, UK) was added to the plasmid and incubated on ice for 30 min. To remove unbound FITCstreptavidin the DNA was reprecipitated as described above and the pellet washed until the supernatant contained no FITC-streptavidin as determined by measurement of supernatant fluorescence (excitation 494 nm, emission 520 nm). When the fluorescence of the supernatant reached background values the pellet was airdried and redissolved to an appropriate concentration in sterile water. FITC-DNA was complexed and used as described for unlabelled DNA.
Addition of endocytic markers and FITC-DNA lipid complex to cells in vitro
The FITC-DNA lipid complex was incubated with cells as described above for transfection studies. As endocytic markers the following were used, fluorescein-cationised ferritin (a marker of charge-related endocytosis, excitation 490 nm, emission 520 nm; Cambridge Bioscience) was added to cells at 0.05 mg/ml, FITC-labeled transferrin (a marker of receptor-mediated endocytosis, excitation 490 nm, emission 520 nm; Cambridge Bioscience) at 1 m and lucifer yellow (a marker of fluid-phase uptake, excitation 426 nm, emission 535 nm) at 0.5 mg/ml. Subsequently cells were washed in ice-cold PBS, followed by PBS containing 1 m NaCl, then lysed in 0.1% Triton X100 in 250 mm Tris, pH 8 and incubated for 1 h at −80°C. Lysates were then spun down before fluorescence measurements being carried out using a Perkin-Elmer (Beaconsfield, UK) LS50B spectrofluorimeter.
Preparation of in vitro cells or sheep tracheae for confocal fluorescence microscopy Cells were grown on 25-mm 2 coverslips to 70% confluency before assessment. Coverslips or tracheal segments were then incubated with FITC-labeled DNA-lipid complex for various times ( Figures 5 and 8, legends) . Cells were subsequently acid-washed using 1 l ice-cold PBS, followed by incubation for 5 min in ice-cold acid buffer (0.2 m acetic acid, 0.5 m NaCl in PBS, pH 2.5) then washed twice in 1 l of ice-cold PBS. Cells were fixed in 2% fresh paraformaldehyde/PBS for 1 h at 4°C, rinsed in PBS then counterstained as described below. Tissues were also acid washed as noted above, then fixed for 2 h in 2% fresh paraformaldehyde, rinsed in PBS, then left overnight at 4°C in 15% sucrose/PBS. The tissue samples were plunge-frozen in isopentane cooled in liquid nitrogen and 15-m-thick sections prepared with a cryostat. Both cells and tissue sections were counterstained with ethidium bromide and Evan's blue. Slides or coverslips were incubated for 15 min at room temperature in a 20 g/ml ethidium bromide/PBS solution, washed twice in 1 l of ice-cold PBS, washed once in 1 l of ice-cold deioniseddistilled water and air dried. Subsequently, incubation was carried out in 0.2 mm Evan's blue in PBS for 1 min at room temperature and the washing procedure above repeated. Coverslips and slides were mounted using Citifluor mounting medium (Agar Scientific, Stansted, UK) and examined using a Leica TCS 4D (Heidelberg, Germany) confocal microscope. Dual-channel scanning was applied to permit simultaneous visualisation of the fluorescently labelled DNA in relation to cellular morphology.
Assessment of fluorescent particles by confocal microscopy For Cos7 cells an optical section was taken at the optimised mid-point through the cell layer to provide representative cross-sections of the nuclei and cytoplasm. For the sheep tracheal sections, a composite image was obtained of the approximate width and depth of a columnar epithelial cell by recording eight separate optical slices at 1 m intervals. For both specimens the number of cells positive for any fluorescent particle (internalised), as well as the number of particles within such cells was recorded.
Cell cycle analysis by fluorescence-activated cell sorting (FACS) Cos7 cells were seeded into six-well plates at 2.5 × 10 5 cells per well and incubated overnight at 37°C/5% CO 2 to provide approximately 50% confluency. Cell cycle inhibitors were then added at the appropriate concentrations. Mimosine was used to elicit G1, and nocodazole to produce mitotic arrest. Cells were incubated with these compounds for 18 h at 37°C/5% CO 2 , trypsinised and resuspended in 70% ethanol. Subsequent preparation for FACS analysis was using standard techniques. 42 For transfection studies in the presence of these agents, Cos7 cells were seeded in 24-well plates at 5 × 10 4 cells per well and incubated overnight. Media was replaced with fresh media containing the cell cycle inhibitors and cells incubated for a further 18 h to produce cell cycle synchronisation.
